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Ultrastructural Changes in the Nasal
Mucosa of Fischer 344 Rats and B6C3F1
Mice Following an Acute Exposure to

Methyl Isocyanate

by Linda C. Uraih,* Fred A. Talley,* Kunitoshi Mitsumori,*
Bhola N. Gupta,* John R. Bucher," and Gary A. Boorman*

Male rats and male mice received a single 2-hr exposure to 0 (control), 10, or 30 ppm of methyl isocyanate
and were sacrificed after 1, 3, 14, or 90 days to assess the ultrastructural changes in the nasal mucosa by
transmission electron microscopy. One day after exposure to methyl isocyanate, there were widespread
areas of necrosis and degeneration of the respiratory and olfactory epithelium of rats and mice in the 10
ppm and 30 ppm groups. Qualitatively the ultrastructural findings were similar for both exposure groups
and species. Degeneration followed by rapid regeneration was observed for both respiratery and olfactory
epithelia but was most striking for olfactory epithetium in the dorsal meatus. Three days after the exposure,
the olfactory epithelium was two to three cell layers thick due to a loss of supporting cells, olfactory
neurons, and basal cells. By 14 days after exposure, the olfactory epithelium was composed of a hetero-
geneous cell population three to five cell layers thick. At 90 days following exposure, the epithelium was
of normal thickness (eight to ten cell layers), with normal architectural arrangement, and composed of
well-differeniiated cells that appeared similar to those of controls. There were several findings that sug-
gested the epithelial cells of Bowman's glands were the progenitor for the regenerating supporting cells
of the olfactory epithelium. This study demonstrated that the respiratory and olfactory epithelium is

capable of complete structural regeneration afier an acute destruction by methy! isocyanate.

Introduction

Methyl isoeyanate (MIC) is a reactive, toxic, and vol-
atile liquid that is hazardous by all means of contact (1).
In rodents, inhalation of MIC induces severe destruc-
tion of the mucosal linings of the upper (2,3) and lower
{2-4) respiratory tracts. As assessed by light micros-
copy, the effects of MIC on the nasal mucosa were sim-
ilar to those induced by other nasal toxicants such as
chlorine (5), dimethylamine (6), and a number of other
sensory irritants (7), which cause necrosis and erosion
of the nasal respiratory and olfactory epithelia. Destrue-
tion of the mucosal lining of the nasal cavity inhibits
mueociliary function (8) and olfaction (9,10). Although
obvious degenerative changes may be observed by light
microscopic examination, subtle pathological defects can
be more fully appreciated ultrastructurally. The objec-
tive of this study was to examine and characterize ul-
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trastructural changes in the nasal mueosa of rodents
following an acute exposure to a toxie concentration of
MIC.

Materials and Methods

Male F344 rats and male B6C3F1 mice [source, animal
care, disease surveillance, ete., detailed in a separate
paper (11)] were sacrificed 1, 3, 14, and 90 days after a
2-hr whole-body exposure to 0, 16, or 30 ppm of MIC
on 4/22/86. Details of exposure, generation, monitoring
and safety have been reported (12). Each exposure
group consisted of five rats/sex and five mice/sex. After
a complete necropsy, the heads of two rats and two mice
per group were removed and the nasal cavity was fixed
by infusing Fowler's fixative, pH 7.4 (13), into the na-
sopharynx via syringe. The heads were then placed in
50 mL of fixative at 4°C and for no less than 5 days.
After fixation and using Palatine structures as refer-
ences (14}), three transverse sections of the heads were
made by using a Buehler’s Isomet low speed saw. The
following sections were taken: (1) through the incisive
papilla and anterior to the first palatal ridge, (2} at the
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Ficure 1.

Rat, O ppm, 90 days. Electron micrograph of normal
olfactory epithelium (8—10 cell layers). Olfactory dendritic vesicles

{arrowwheads), supporting cells (8C), olfactory neurons (ON),
basal cells (BC), basement membrane (BM}, and Bowman's gland
(BG). Bar = 10 pm.

second palatal ridge and (3) at the level of the first upper
molar tooth. The sections were subsequently rinsed and
placed in 0.2 M phosphate buffer (4°C). After 2 days,
seven samples of the nasal mucosa were prepared for
each animal by microdissection. At levels I and II, sam-
ples were taken from the respiratory epithelium of the
septum and dorsal nasal conchae, and the olfactory ep-
JAthelium from the dorsal meatus. At level 111, a sample
was taken from the olfactory epithelium of the dorsal
meatus and ethmoid concha. These tissues were placed
in fresh phosphate buffer overnight postfixed in 1% os-
mium tetroxide in 0.1 M phosphate buffer for 2 hr, de-
hydrated in graded concentrations of ethyl alechol, in-
filtrated, and flat-embedded in Epon. Semithin sections
(0.5-1 pm) were cut on a Sorvall MT-1 ultramicrotome
and stained with toluidine blue for light microscopic
evaluation. Ultrathin sections, stained in an LKB ui-
trastainer utilizing 0.5% uranyl acetate and 2.7% lead

FiGure 2. Rat, O ppm, 90 days. Normal olfactory neuron (ON),
olfactory dendrite (OD), olfactory vesicle (OV) with ciliary exten-
sions between two supporting (8C), pyknotic cell (PC) Bar = 5
.

citrate, were examined in a Phillips 400 transmission
electron microscope. Major attention was focused on the
olfactory epithelium from the dorsal meatus at levels 2
and 3.

Results

Clinically, rats and mice in both exposure groups
showed evidence of dypsnea and had ruffled hair coats.
Unscheduled deaths occurred among mice and rats in
the 30 ppm exposure group, and all rats in the 30 ppm
dose group died before 90 days. A complete description
of the in-life phase of this study is reported in another
article in this volume (17).

Control animals had normal nasal mucosa. The res-
piratory and olfactory epithelium was similar for control
rats and mice at each sacrifice interval. The respiratory
epithelium from the nasal septum was composed of sim-
ple, ciliated columnar cells, goblet cells, and basal cells.
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FIGure 3. Rat, 10 ppm, 1 day. Complete destruction of respiratory epithelial layer in nasal septum accompanied by inflammatory cell infiltrates
of neutrophilic leukocytes (N) and macrophages (M). Basement membrane (small arrowheads); degenerating epithelial cells (D); degradative
products of epithelial cells {large arrowheads). Bar = 20 um.

FiGUuReE 4. Rat, 10 ppm, 1 day. Axonal degeneration of olfactory nerve bundles in lamina propria. Axonal swelling (large arrowheads);
degradation of axoplasm (small arrowheads); and accumulation of degradative products within Schwann cell processes (D). Bar = 25 pm,
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FIGURE 5.
ciliated column cells. Bar = 10 pm.

Respiratory epithelium from the nasal concha was a
pseudostratified columnar epithelium composed of cil-
iated cells, nonciliated eolumnar cells, goblet cells, cu-
boidal cells, brush cells, and basal cells. The lamina
propria was composed of loose fibroelastic connective
tissue, large venous plexuses, and mixed seromucous
glands. Myelinated axons from the trigeminal nerve
were especially prominent in section from the nasal sep-
tum. The olfactory epithelium taken from the dorsal
meatus and the ethmoid turbinates was composed of
three distinct cell types arranged in ill-defined layers
giving a suggestion of an epithelium eight to ten cell
layers thick (Fig. 1). The supporting cells (sustentacular
cell) were tall columnar cells with a tapering base that
attached to the basement membrane. The nuclei of sup-
porting cells form the apical or superficial layer of the
epithelium. These cells had numerous microvilli ex-
tending from their apical surface. The middle (six to
seven cell layers) layers of the epithelium was composed
of round nuclei of olfactory neurons arranged at differ-
ent levels while maintaining a close assoeiation with one
another. An apical dendritic process extended to the
surface, alternating between the nuclei of supporting
cells, and terminated into a club-shaped vesicle with
ciliary extensions (Fig. 2). The third cell layer or basal
cell layer was composed of small, round to spindle-
shaped, electron-dense cells lying immediately above
the basal lamina. The long cytoplasmic processes of

Rat, 10 ppm, 3 days. Intraepithelial cyst in dorsal nasal concha (C). Notice internalized cilia (arrows) within the eytoplasm of

these cells interdigitated with processes of neighboring
cells or encompassed central processes of olfactory bi-
polar nerve cells. The lamina propria was composed of
loose fibroelastic connective tissue, olfactory nerve bun-
dles consisting of unmyelinated axons, and large venous
plexuses. There were many large glands of Bowman
which econtained both serous and muens producing cells.
The eytoplasm of serous cells contained prominent pro-
files of concentrically arranged rough endoplasmic re-
ticulum, The Bowman's gland and exeretory duet could
respectively be seen penetrating the basement mem-
brane or within the olfactory epithelium.

One day after exposnre to methyl isoeyanate, there
were random areas of degeneration and necrosis in the
respiratory and olfactory epithelium in mice and rats.
The most severely affected areas were characterized by
necrosis of the entire epithelial cell lining with detach-
ment of cells from the basement membrane and an acute
inflammatory cell infiltrate in the epithelium and lamina
propria (Fig. 3). Degeneration of olfactory nerve fibers
and epithelial cells of Bowman’s glands was also seen
in the lamina propria. The degenerative changes of ol-
factory nerve fibers were characterized by swelling of
axons, degeneration of mitochondria in axons, and deg-
radation of axoplasm (Fig. 4). The severe change was
seen at both exposure levels but covered greater areas
in the 30 ppm exposure group. Less severe changes
which could be seen within the same animal in variable



ULTRASTRUCTURAL NASAL CHANGES DUE TO METHYL ISOCYANATE 81

Figure 6, Rat, 10 ppm, 3 days. Phagocytosis of degenerated cil-
iated cells by macrophage (M) within an intraepithelial eyst of
dorsal nasal concha. Nuclet of epithelial cells (Nu); hasement mem-
brane (BM). Bar = 5 pm.

regions were characterized by necrosis and degenera-
tion of the superficial cell layers but basal cells remained
viable. There were often no significant changes in nerve
bundles or Bowman’s glands in the lamina propria.
Three days after exposure to 10 or 30 ppm of MIC,
the respiratory epithelium showed residual degenera-
tive and inflammatory changes as well as regeneration.
In the dorsal nasal concha, there was slight disorgani-
zation of the epithelium. Some ciliated cells showed clus-
ters of internalized cilia in the eytoplasm (Fig. 5). In
this area, large cystic spaces could occasionally be found
within the epithelium. The changes were focal and var-
ied among sections. Some sections showed long flat-
tened surface cells with prominent intermediate fila-
ments and tight cell junctions. Still other areas showed
a minimal infiltration of phagocytic cells and mast cells
within the epithelium and the lamina propria. Macro-
phages present in them contained phagocytized cilia and

other cell debris (Fig. 6). There was an increased num-
ber of collagen fibers in the lamina propria and an ill-
defined basement membrane. Similar but less severe
changes were seen in the respiratory epithelinm from
the nasal septum. Regeneration of the respiratory ep-
ithelium at 3 days was characterized by a randomly
arranged proliferation of immature epithelial cells.
There was a wealth of free ribosomes and polysomes in
the abundant cytoplasm of these cells. Endoplasmic re-
ticulum and mitochondria eould rarely be seen.

Three days after exposure, there was variation in the
appearance of the olfactory epithelium from the dorsal
meatus between levels I1 and III. At level II, the ep-
ithelium was often two cell layers thick and disorganized
(Fig. 7). The epithelium contained flattened surfaee cells
with sparse microvilli and prominent bundles of inter-
mediate filaments, large round electron-lucent cells, and
irregularly shaped but electron dense, subsurface cells
which were poorly differentiated and lacked cell june-
tions. Olfactory vesicles were missing and there were
no central nerve processes of olfactory bipolar neurons.
In areas the excretory duct of Bowman’s gland opened
to the surface. This was often associated with cystic
degeneration of the cells of Bowman's glands. In places,
the cells of Bowman’s glands almost totally formed the
epithelium (Fig. 8). Olfactory nerve endings showed
mimimal degenerative changes which were similar to
degenerative changes seen at 1 day past exposure. At
level III of the dorsal meatus, fewer degenerative
changes were found and there was more regeneration
of the olfactory epithelium. The epithelium was at least
three cell layers thick and the cells were slightly more
organized with greater cell junctional relationship. The
cell population was still heterogeneous, poorly differ-
entiated, and mitotic figures were found. The predom-
inant cell in this area was the large, round, electron-
lucent cell with microvilli and dense seeretory granules.
There were occasional flattened surface cells with in-
termediate filaments and dengse secretary granules (Fig.
9) similar to the epithelial cells of small acini of Bow-
man's glands, Irregularly shaped electron-dense cells
lined the basal lamina and occasionally formed vertical
columns, rows, or stacks leading from the bagilar to the
mid-apical region of the epithelium (Fig. 10). In the
basal region, the cytoplasm of these cells encompassed
the newly formed central nerve processes. A few olfac-
tory vesicles with one or two ciliary extensions were
present.

By day 14, the respiratory epithelium showed pro-
gressive regeneration with increased cell population and
normal architecture. There were residual effects re-
maining in the most anterior levels of the dorsal nasal
concha and nasal septum. Macromitochondria with bi-
zarre configuration or reduplication of eristae was an
infrequent finding (Fig. 11). In the high dose rats, the
dorsal concha showed fewer ciliated cells and had a pre-
pondrance of nonciliated eolumnar cells with rudimen-
tary microvilli. There was no secretory activity. The
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FIGURE 7. Rat, 10 ppm, 3 days. Olfactory epithelium reduced to two to three cell layers and lacked dendritic vesicles, olfactory neurons,
and nerve bundles. Abnormal, flattened cell (FC) on surface, poorly differentiated cells (arrowheads), basement membrane (BM), and cystic

dilatation of Bowman’s gland (BG). Bar = 10 um,

basement membrane in this area was ill-defined or ir-
regular.

The olfactory epithelium, after 14 days, showed evi-
dence of progressive regeneration. The epithelium was
three to five cell layers in thickness and composed of
regenerating supporting cells, olfactory neurons and
basal cells. Respiratory metaplasia characterized by col-
umnar ciliated cells was seen between regenerating sup-
porting cells of the olfactory epithelium (Fig. 12). Ol-
factory vesicles with two to three ciliary extensions
were occasionally seen but most were rudimentary ves-
icles seen intraepithelialarly, migrating toward the sur-
face or above the surface but lacking in ciliary exten-
sions (Fig. 13).

At 90 days after the exposure to MIC, the respiratory
epithelium showed complete and orderly re-epithelial-
ization of the dorsal nasal concha and nasal septum in
the sections examined. Ultrastructural alterations in
ciliz and nerve fibers were not found.

Although an area of respiratory metaplasia in the
ethmoid turbinate was still evident 90 days after ex-
posure, there appeared to be complete structural re-
generation of the olfactory epithelium in the dorsal mea-

tus. The epithelium was eight to ten cell layers thick
(Fig. 14). The morphology of the supporting cells was
similar to the epithelial cells of Bowman’s glands. The
cytoplasm of supporting cells occasionally showed la-
mellar agranular endoplasmic reticulum which were
prominent in the cytoplasm of epithelial cells of Bow-
man’s glands after 14 days. The olfactory neurons could
be positively identified at this time by the prominent
golgi apparatus usually in the apical portion of the cy-
toplasm (Fig. 15). Olfactory vesicles were present with
normal ciliary extensions. The basal cells were in align-
ment along the basement membrane and the eytoplasm
showed the normal intimate contact with regular pro-
liferations of small nerve bundles. The basement mem-
brane was well defined except for areas where cells of
Bowman’s glands extended through the basement mem-
brane (Fig. 16). In this same area, acini of Bowman’s
glands within the olfactory epithelium were lined by
large round immature cells similar to supporting cells
seen previously at 14 days, while the cells of Bowman’s
glands beneath the basement membrane were charac-
terized by the prominent lamellar agranular endo-
plasmic reticulum and secretory granules. The lamina
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Ficure 8. Rat, 30 ppm, 3 days. Dorsal meatus at level II where
olfactory epithelium is almost totally occupied by Bowman's gland
(BG). Notice microvillate excretory duct open to surface (ED):
heterogeneous poorly differentiated cells with many cell processes
(PC) and basement membrane (BM). Bar = 5 um.

propria was composed of normal olfactory unmyelinated
axons, Bowman's glands, and vasculature.

Discussion

Methyl isocyanate exposure caused necrosis, cellular
degeneration, and detachment of the ceils from the base-
ment membrane both in the respiratory and olfactory
epithelia of the nasal mucosa. The degenerative changes
in the nasal mucosa were random in oceurrences and
appeared to be nonspecific responses of the cells to in-
jury. Similar degenerative findings in the olfactory ep-
ithelium were seen in mice 24 hr after nasal irrigation
with zine sulfate (a compound known to selectively dam-
age olfactory epithelium) (75). Internalized cilia were
geen in this study as well as in rats after an acute ex-
posure to formaldehyde (76) and in hamsters after me-
chanical injury to the trachea (7). In this study, this
finding was considered a state of ciliogenesis since the
associated cells showed active regeneration. The in-

FiGure 9. Rat, 10 ppm, 3 days. Squamous metaplasia in olfactory
epithelium from dorsal meatus. Notice flattened surface cell with
bundles of intermediate filament and dense secretory granules
(SC} similar to epithelial cells of Bowman’s gland (BG) protruding
through basement membrane. Bar = 10 um.

traepithelial cyst and active phagocytosis of degenera-
ted cells seen in this study could not be found mentioned
in the literature. The macromitochondria with redupli-
cation of eristae were nonspecific intracellular responses
to injury and may represent an enzyme deficiency or
suppression of mitochondrial division (18). The flattened
surface cells in the respiratory olfactory epithelium was
likely an early squamous metaplasia since there were
dense bundles of intermediate filaments similar to ton-
ofillaments. Squamous metaplagia and respiratory me-
taplasia have been reported in a variety of studies of
known nasal inhalants (6,7,16). However, squamous me-
taplasia was not seen during the light microseopic ex-
amination of the nasal epithelium of mice after an acute
exposure with MIC (2).

The olfactory epithelium is highly sensitive to toxic
gases (5). The loss of supporting cells, sensory cells,
basal cells and olfactory nerves were most obvious in
level IT of the dorsal meatus in this ultrastructural
study. This finding has been seen at the light mieroscopy
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FiGuRE 10. Mouse, 30 ppm, 3 days. Olfactory epithelium in early regenerative phase. Note mitosis in epithelial cell (M); few olfactory vesicles
(large arrowheads); acini of Bowman’s gland (A) among epithelial cells; randomly arranged large electron lucent cells (I1.) and electron
dense cells (ED}) lining the basal lamina and in vertical rows; regenerated olfactory nerves (0). Bar = 10 pm.

FiGure 11, Mouse, 10 ppm, 14 days. Intracellular degeneration in nonciliated cuboidal cell from the dorsal nasal concha. Notice mac-
romitochondria with reduplication of cristae (large arrowheads), electron dense aceumulations in matrix region of mitochondria; nucleus
(Nu) and microvilli (small arrowheads). Bar = 2 pm.
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FIGURE 12. Mouse, 30 ppm, 14 days. Olfactory epithelium three to five cell layers thick. Notice flattened surface cell with dense secretory
granules (SC), excretory duet of Bowman’s gland (ED), acini formation (A), respiratory metaplasia (RM), and regenerated axons (arrow-
heads). Bar = 10 pm.

Ficure 13. Mouse, 30 ppm, 14 days. Olfactory dendritic vesicles are fewer in number and lack ciliary extension (large arrowheads). Note
rudimentary vesicles migrating toward the surface (small arrowheads). Bar = 10 pm.



86 URAIH ET AL.

FiGure 14. Rat, 10 ppm, 90 days. Regeneration of olfactory epi-
thelium (8-10 cell layers thick) similar to control. Cytoplasm of
supporting cells contains laminated agranular endoplasmic retic-
-ulum (ER). Notice prominent golgi apparatus (GA) in the apical
portion of olfactory neuron. Bar = 10 um.

level during the studies of several nasal toxicants in
mice (7), rats (6), and hamsters (19), and had a similar
ultrastructural appearance to mice treated with zine
sitlfate (25). The most striking finding in this study was
the rapidity with which the respiratory and olfactory
epithelium regenerated. Three days after exposure to
toxic concentrations (10-30 ppm) of MIC early regen-
eration was evident in the nasal cavity and was basically
complete by 90 days, There are several studies in mice
(15,20-22), in frog (28), and in fish (24) that show the
regenerating capability of the olfactory epithelium. In
early stages of regeneration, the olfactory epithelum
was approximately two to three cell layers thick, and
cells of Bowman’s glands were the predominant cell
type. As the epithelium became thicker, additional cells
began to proliferate with an architectural arrangement
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Figure 15. Mouse, 0 ppm, 90 days. Olfactory neuron with promi-
nent golgi apparatus {arrowhead) usually in apical portion of cell.
Bar = 2 pm.

and morphologic features of the normal epithelium (25).
After 14 days, Bowman's glands within the epithelium
were lined by immaturelike large round cells similar to
regenerating supporting ecells, while in the laminar pro-
pria the glands were mature and active and filled with
agranular endoplasmie reticulum. Supporting cells could
occasionally be seen with secretory granules and la-
mellar agranular endoplasmic reticulum similar to that
seen in epithelial cells of Bowman’s glands. These find-
ings were in agreement with those reported for mice
after treatment with zinc sulfate (20) and suggest that
the epithelial cells of Bowman’s glands are the progen-
itor for the supporting cells. Some morphologic simi-
larities, i.e., electron-dense cells arranged vertically
from nasal lamina of midepithelium were seen between
basal cells and olfactory neurons. Autoradiographic and
morphological observations in mice have identified the
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FIGURE 16. Mouse, 30 ppm, 90 days. An area in the basilar region of the olfactory epithelium from the dorsal meatus. Notice large, round,
immature cells lining Bowman's glands within the epithelium (IC} and more mature-appearing cells with agranular endoplasmic reticulum
of Bowman's gland beneath the basement membrane (MC); excretory duct of Bowman’s gland (ED); basal cells (small arrowheads); olfactory

unmelinated nerve fibers (large arrowheads), Bar = 10 pm,

basal cell as the stem cell of the olfactory neuron (21-
23).

There were changes such as early mild squamous me-
taplasia and cilia defect which can hest be described at
the ultrastructural level or may not be obvious at the
light microscopy level. A better characterization of the
cell dynamics and some suggestions as to the progenitor
of the repopulating cells can be made from this ultra-
structural review,
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